We propose a model of inflation driven by minimal extension of SUSY, commonly known as MSSM. Starting from gauge invariant flat directions in the n = 4 level comprising of QQQL,QuQd,QuLe and uude, we construct the inflaton potential and employ it to investigate for its consequences around the saddle point arising from the non-vanishing fourth derivative of the original potential. To this end, we derive the expressions for the important parameters in MSSM inflation using the loop corrected potential. We further estimate the observable parameters and find them to fit well with recent observational data from WMAP7 by using the code CAMB. We also explore the possibility of primordial black hole formation from our model. Finally, we analyze one loop RGE and compute different phenomenological parameters which could be precisely determined in LHC or future Linear Colliders.
I. INTRODUCTION
The paradigm of primordial inflation is, by far, the most satisfactory explanation for early universe phenomena [1] . As a general prescription, inflation occurs due to a slowly rolling scalar field, the inflaton, dynamically giving rise to an epoch of accelerated expansion dominated by a false vacuum [2] . Primordial quantum fluctuations of inflaton are responsible for creation of matter content and observed perturbations in the Cosmic Microwave Background Radiation (CMBR). Further, slow-roll inflationary scenario generically predicts almost Gaussian adiabatic perturbations with a nearly flat spectrum, which conforms well with the latest observations.
Recently, some interesting proposition of inflationary model building was brought forth by Minimally Supersymmetric Standard Model (MSSM) where the inflaton is a gauge invariant [3, 4 ] n = 4 level combination of scalar superpartners squark and slepton fields and fermionic superpartner gauginos which are candidate Cold Dark Matter (CDM) particles. However the original potential for n = 4 level is unable to extract a suitable symmetry along the flat direction. To serve this purpose the usual way is to incorporate saddle point mechanism to the MSSM potential leading to vanishing of the second derivative and the slow roll phase is driven by the next leading order derivative of the potential [1, [3] [4] [5] [6] . In most of the phenomenological situations, a fine tuning mechanism is needed to place the flat direction field to the immediate neighborhood of the saddle point. It is worthwhile to mention that MSSM inflation occurs at a comparative lower scale. This is in strong contrast with the conventional class of models where the unfamiliar inflaton couplings to Standard Model (SM) are originated through arbitrary gauge singlets leading to the field magnitudes at GUT scale or higher, and hence, face problems in satisfactory quantitative estimation of a huge sector of the post-inflationary evolution i.e. thermal history of the early Universe, baryon asymmetry and CDM. Herein lies the most appealing feature of MSSM inflation for which known SM couplings are measurable in laboratory experiments such as Large Hadron Collider (LHC) [7] or future linear colliders.
In the present article we will consider a specific MSSM scenario where, for a specific choice of soft supersymmetry (SUSY) breaking parameters A (trilinear couplings) and the inflaton mass m φ , the potential is D-flat along the QQQL,QuQd,QuLe and uude directions. For our model existence of saddle point is guaranteed by the nonvanishing fourth derivative of the potential, which makes the potential more flat than the previous ones. This implies more precise information in the RG flow. As we will show, this is the highest level of precision constraint one can impose on RG flow keeping the effective potential renormalizable in the vicinity of the saddle point. Our primary intention is to investigate for the analytical as well as the numerical expressions for different observational parameters for MSSM inflation with these new flat directions. As it will turn out, they match quite well with latest observational data from WMAP7 [8] and are expected to fit well with upcoming data from PLANCK [9] . Additionally we have explicitly shown the connection between running and running of the running of spectral index to the Primordial Black Hole (PBH) formation. To this end we get the fine tuned parameter space which is also in good agreement with present estimates of cosmological frameworks. We have further explored features of the MSSM from the solution of one loop RGE which could be measured by LHC or future linear collider.
II. FLAT DIRECTIONS AND POTENTIAL AROUND SADDLE POINT
Let us start with n = 4 level superpotential [19] 
The renormalizable flat directions of the MSSM at n=4 level correspond to the gauge invariant monomials subject to the four additional complex constraints [19] two each from
which can lift the flat directions which do not contain a Higgs field. Here λ U , λ D and λ E are the Yukawa couplings, H u , H d are the Higgs superfield and the µ-term appears in the renormalizable part of the superpotential of MSSM . Consequently the equation(1) breaks into four parts, each one of them now being flat: (where m ∈ Z)
which appears from the constraint V ′ (φ 0 ) = 0 as a necessary condition for saddle point. However, this condition alone will not lead to saddle point. Rather, we have to make the potential sufficiently flat which can be achieved by vanishing higher derivatives of the potential. In this article, we consider non-vanishing fourth derivative of the potential resulting in saddle point. This will imply more fine-tuning but increased precision level in the information obtained from RG flow. Below we demonstrate how this is materialized.
As discussed, V ′′′′ (φ 0 ) < 0 will give us secondary local minimum. This leads to constraint relations:
one each for V ′′ (φ 0 ) = 0 and V ′′′ (φ 0 ) = 0. In and A tree = 2 √ 6m φ (φ 0 ) represents tree level expressions. This means, during RG flow mentioning two parameters only (D 1 and D 2 ) will suffice instead of the usual three parameters in earlier MSSM models. This results in more precise information in RG flow. One may get tempted to vanish further higher derivatives of the potential in order to evaluate other unknown parameters (D 1 and D 2 ) without going into RG flow but this will make the effective inflaton potential in the vicinity of saddle point non-renormalizable. So, this is the highest level of precision constraint one can impose on RG flow parameters.
Consequently, around the saddle point φ 0 , the inflaton potential can be expanded in a Taylor series as,
. In what follows we shall model MSSM inflation with the above potential.
III. MODELING MSSM INFLATION AND PARAMETER ESTIMATION
For brevity, let us introduce a change of parameter φ → x = φ − φ 0 which represents the inflaton with shifted origin. Using this new notation of field the slow roll parameters [11] are given by,
where a prime denotes 
which implies the energy scale of MSSM inflation is C 0 ∼ (0.409 − 1.301) × 10 −9 M explicitly shown in the allowed region in Fig(1) .
The number of e-foldings are defined [11] for our model in the limitC 0 ≫C 4 as
Further, in this framework the expressions for amplitude of the scalar perturbation, tensor perturbation and tensor to scalar ratio are given by 
Here x ⋆ represents the value of the inflaton field at the horizon crossing. For our model expression for spectral index, running and running of the running reduces to the following form: Fig (2) depicts the behavior of the scalar power spectrum as a function of scalar spectral index. For N = 70 the scalar spectral index is within the bounds of WMAP7+BAO+h0 data for model ΛCDM+sz+lens [8] .
Fig ( , κ s = 1.749×10 −5 . Further, we use the publicly available code CAMB [12] to verify our results directly with observation. To operate CAMB at the pivot scale k 0 = 0.002 Mpc −1 the values of the initial parameter space are taken for C 0 = 2.867 × 10 −36 M 4 and N = 70. Additionally WMAP7 years dataset [8] for ΛCDM background has been used in CAMB to obtain CMB angular power spectrum. In TableI we have given all the input parameters for CAMB. TableII shows the CAMB output, which is in good agreement with WMAP seven years data. In Fig.4 we have plotted CAMB output of CMB TT angular power spectrum C T T l for best fit with WMAP seven years data for scalar mode, which explicitly show the agreement of our model with WMAP7 dataset.
H0
τReion Now in the context of any running mass model one can expand the spectral index with the following parameterization [13] :
with R ≪ 1/k 0 , i.e. ln(k 0 R) < 0. This is identified to be the significant contribution to the Primordial Black Hole (PBH) formation. Here the parameterization index z : [s(scalar), t(tensor)] and the explicit form of the first term in the above expansion is given by
Existence of the running and running of the running is the key feature in the formation of PBH in the radiation dominated era just after inflation [14] which could form CDM in the Universe. The initial PBHs mass M PBH is related to the particle horizon mass M by M PBH = Mγ = 4π 3 γρH −3 at horizon entry, R = (aH) −1 . This is formed when the density fluctuation exceeds the threshold for PBH formation given as in Press-Schechter theory by [14, 15] 
Here P(Θ; M(R)) is the Gaussian probability distribution function of the linearized density field Θ smoothed on a comoving scale R by P(Θ; R) =
where the standard deviation
For our model power spectrum for Θ(k, η) is given by
3 is the equivalent expression for running of the running in terms of conformal time η and J = . Here we fix γ ≃ 0.2 during the radiation dominated era [16] for proper numerical estimations. In general the mass of PBHs is expected to depend on the amplitude, size and shape of the perturbations [17] . As a consequence the PBH mass is given by [14] M PBH = γM eq (k eq R)
2 g * ,eq g * In the context of MSSM X 1a = 
where X 1a , X 2a and X 3a are applicable for U(1) Y ,SU(2) L and SU(3) C respectively.
So for the flat direction content QQQL,QuQd,QuLe,uude we have the following beta functions: (a) For Soft mass: 
where all the superscript a and b represent generation or family indices run from 1 to 3 physically representing the first, second and third generation respectively. For the one-loop renormalization of gauge couplings and gaugino masses, one has in general
where X αG quadratic Casimir invariant of the group [ 0 for U (1) and N for SU(N) ], I αa is the Dynkin index of the chiral supermultiplet Φ a [ normalized to 1 2 for each fundamental representation of SU(N) and to 3Y 
with tan(θ) = H H . Here θ represents an angular parameter which parameterizes MSSM. For the sake of convenience let us now write cos(2θ) appearing in equation (36) introducing new parameterization as [20] cos(2θ) =
where w = [18] . It is evident from the above parameterization [20] [21] [22] that as w → 1, θ → π 4 which implies H and H is very large and have the same order of magnitude. As a result the relative vev v is also large and the top Yukawa coupling is very very small for which one can easily neglect it from the RG flow at the energy scale of MSSM inflation as mentioned earlier. The consequence of the large vev of Higgs field can be taken care of by introducing strongly interacting gauge group G NEW = G S ⊗ SU(3) C and its superconformal version
In table(VI) we have tabulated the numerical values of vev of H andH, the angular parameter θ, tan(θ), w, the top mass m U and the top Yukawa coupling λ 33 U contributing to the parameter space of MSSM for the n = 4 level flat directions QQQL,QuQd,QuLe and uude. It should be noted that appearance of large vev of Higgses as mentioned in table(VI) can easily be interpreted when Einstein Hilbert term appears in the total action of the theory at lowest order approximation [24] which is our present consideration. Consequently the contributions from the hard cutoff is sub-leading due to the soft conformal symmetry breaking. This leads to small top Yukawa coupling in the restricted parametric space of MSSM characterized by the phenomenological bound: 43 GeV ≤ m U ≤ 170 GeV , 1.006 ≤ tan(β) ≤ 1.025 for the n=4 flat directions. Neglecting all the sub-leading contributions arising from the top Yukawa coupling in the restricted parameter space of the MSSM, the solutions of these RGE for n=4 level flat directions can be written as
Here g i (µ 0 ), m i (µ 0 ), A β (µ 0 ), m φ (µ 0 ) and λ β (µ 0 ) represent the value of the gauge couplings, gaugino masses, trilinear couplings, soft SUSY braking masses and Yukawa couplings at the characteristic scale µ 0 . In equation (37) we have used the following shorthand notations:
where the β indices 1,2,3 represent U, D, E respectively.
F=2(QuQd) 0 ab are (4 × 3) and (3 × 3) matrices whose entries are tabulated in Table(III) and  Table( IV) respectively. It is obvious from the RGE that β = 1, 2 implies a = b and β = 3 implies a = b.
Using the solutions of RGE along with the approximation that the running of the gaugino masses and gauge 
in one loop RGE for MSSM with the logarithmic scale log 10 (µ). Here we have used µ0 = 2.6 × 10 7 GeV and
couplings is very very small we get:
where we have J 1 = 0,J 2 = 3 and J 3 = 4 for i = 1, 2, 3 and all the entries of K βi (3 × 3) matrix are tabulated in table(V).
In this context the subscript '0' represents the values of parameters at the high scale µ 0 .
As discussed in section III, constraining only D 1 and D is sufficient here. Eqn (12) provides an extra constraint relation which restricts the parameters further leading to more precise information in RG flow. For universal boundary conditions, the high scale is identified to be the GUT scale
.85. Now depending upon the different phenomenological situations the n = 4 level flat directions are divided into two classes. The first class deals with QuQd, QuLe which is lifted completely at n = 4 level. The other class which is lifted by higher dimensional operators deals with uude, QQQL. Most importantly uude, QQQL take part in the proton decay (p → π 0 e + , p → π + ν e etc.) [25] which introduces a stringent constraint on the Yukawa coupling λ 0 at n = 4 level. Additionally the neutrino-antineutrino oscillation data restricts λ 0 again. Then we just use RG equations along with these restrictions to run the coupling constants and masses to the scales as mentioned in table(VI) with M = 2.4 × 10
18 GeV.
Considering all these values we obtain effectively
2 , where ζ = m/m φ is calculated at the GUT scale. Typically the running based on gaugino loops alone results in negative values of D i ∀i. Positive values can be obtained when one includes the Yukawa couplings, practically the top Yukawa, but the order of magnitude remains the same. The choice of fine tuned initial conditions directly shows more fine tuning is required compared to other models. It is a straightforward exercise to verify that even if one considers all the flat directions at n = 4 level one will arrive at the potential eqn.(13) with samẽ C 0 andC 4 . This is precisely what we have done in this paper.
The results of RG flow have been demonstrated in figs(6)- (9) . In fig(6) and fig(7) 'dashed', 'solid' and 'dotdashed' line represents U(1) Y , SU(2) L and SU(3) C gauge group content respectively. Fig(6)-fig(9 ) explicitly showing the behavior of the RGE flow of gaugino masses, soft SUSY breaking mass, trilinear couplings and Yukawa couplings respectively. Additionally fig(6)-fig(8) give consistent GUT scale unification.
V. SUMMARY AND OUTLOOK
In this article we have proposed a model of inflation in the framework of MSSM with new flat directions using saddle point mechanism. We have demonstrated how we can construct the effective inflationary potential in the vicinity of the saddle point starting from n = 4 level superpotential for the flat direction content QQQL,QuQd,QuLe and uude for MSSM. The effective inflaton potential around saddle point, resulting from the non-vanishing fourth derivative of the original potential, has then been utilized in estimating for the observable parameters and confronting them with WMAP7 dataset using the publicly available code CAMB, which reveals consistency of our model with latest observations. We have then explored the possibility of Primordial Black Hole formation from the running-mass model by estimating the mass of PBH.
Subsequently, we have engaged ourselves in finding out the effective parameter space and the constants appearing in the saddle point analysis for the MSSM inflation by solving the one loop RGE. It is worth mentioning that the RGE flow of fourth level MSSM is exactly solvable in this context and we hope that all the numerics can be tested in the LHC or any linear collider in near future. Consequently we conclude that fourth level MSSM inflation confronts extremely well with WMAP7 within a certain parameter space obtained from one loop MSSM RGE flow.
A detailed survey of RG flow with two loop beta function, inflection point inflation [26] for n = 4 level MSSM candidates, sensitivity in the neighborhood of the saddle point with the one loop corrected potential, the effect of quantum Coleman De Luccia tunneling [27] and the inflationary model building of MSSM derived from string theory via braneworld using several compactification schemes remain an open issue, which may even provide interesting signatures of MSSM inflation. We hope to address some of these issues in due course. 
